Angular and displacement errors associated with excitation patterns of tapered wigglers will be discussed, and patterns will be described that do not lead to such errors even when the energy of the electrons changes along tne lengtn of the wiggler, and when the real excitation is different from the ideal excitation because of systematic iron saturation.
It is the purpose of this paper to describe a method to connect power supplies to coils such that power supply settings can be changed at will witt10ut causing cumu·lative displacement and steering errors of the electron trajectory. This t1as to hold even if the ratio y of total energy to rest energy of the e·lectrons changes as the electrons travel downstream. In order to allow a simple derivation and formulation of the proper excitation patterns of tt1e poles of tne W, a number of simplifications and approxirna t ions are maae.
The period A of tne W is assumed to be constant, and it is assumed that there is ~o focusing of the motion of the electrons in the midplane.
It is assumed ttwoughout that the W has perfect midplane symmetry, and ~tlllen tne term 11 pole" is used, what is meant is a pole in one half of theW, and 1t is irnplied that the mirror symmetrically located pole in the other half of tt1e W is excited such that perfect midplane symmetry of the fields is maintained. It is also assumed that no field errors due to construction errors or finite manufacturing tolera~ces exist; some of these errors have been d1scussed elsewhere (ref.
2), and their correction will be discussed in tne future. One class of deviation from ideal conditions is saturation of tne iron. While random saturation effects, due to non-uniform iron properties, are ignored, systematic saturation effects, associated with the systematic tapering of the field, will be taken into account in section 3.
In writing down the equation of motion for an electron, the interaction of tne electron witr1 the fields of the em wave is ignored, and the change of transverse momentum due to the emission of photons is ignored as well (see ref.
3). Assuming in addition that the square of the angle between the electron trajectory and the ideal forward direction (the z-axis), is small compared to one, the equation of motion of the electron in the transverse direction becomes
In this equation B(z) represents the magnetic field in the direction perpendicular to the midplane, and c, m 0 , e are the velocity of light in Vdcuo, ana rest mass and charge of tne electron.
2. Oisplacernent for Simple Excitation Patterns 1vith y = Canst.
Assuming tnat B(z) = 0 for z < z . , and that x = 0, X 1 = 0 tl1ere, it m1n follmvs from eqn. :
-00
tne a1splacement x caused_ by that pole becomes If the adjacent pole, located at z = z 1
is excited with strength -v 1 , then the total displacement caused by both poles is given by
Even though this equation (and its derivation) is trivially simple, it is worthwhile to emphasize two points:
1) If one has injected into an originally flat W such that the trajectory is symmetrical with respect to the z-axis, and one changes beyond a certain point all excitations by the same relative amount, each pair of poles, having its excitation changed by ±v 1 , contributes the displacement given by eqn. (7), i.e. the displacements given by eqn. (7) are cumulative, and therefore disastrous for the opefation of the FEL.
2) A short distance downstream from the location where the excitation ct1ange has started, the magnetic field is again perfectly periodic.
Assuming for simplicity that higher harmonics are not significant, the field cnange there would nave the form
One might be tempted to assume that the quantity A 1 equals the area under tne normalized l:l(z) cur-ve between z = ± A/4, i.e.,
However, since B 0 coskz is produced by linear superposition of the fields produced by all poles i.e., It is 1nstructive to compare the displacement given by eqn. De to avoid cumulative displacement and steering7 From eqn. (5) follows for that case 
and using that expressior in eqn. (3), yields 00
-00 B(z) produced by poles at locations zn = nD 2 excited by strengths vn can be written as
Using this in eqn. (15), exct1anging the order of integration and summation, and intt'oduction in eact1 term of the sum z-no 2 as new variable gives 00
Executing the integration, one obtains 7 x(Z) =Lvn (a 0 +a 1 n + a 2 n 2 + a 3 n 3 + ... ).
The coefficients a 10 contain o 2 , the moments Jb(z) zP dz of b(z),Z,g 0 ,g 1 ,g 2 .
To make x(Z) = 0 independent of Z, g 
wnere M is the order of the highest derivative of g whose effect one wants to eliminate. The vn for the case M = 0 were given by the binomial coefficients of order 2 with alternating signs, and it is verified in the 1\ppendix t11at
satisfy eqn's. (19). Table 2 snows the implementation of this pattern for the case M=2. This taiJle has been "constructed" for the case where one wants to use one power supply per period. If one wants to have only one power supply for two perioos, the excitation pattern for each such power supply would be 1,-4, 7,-8, 7,-4, 1.
If one needs ma9netic field strengths in theW that are large enoug11 t11at saturation of iron becomes noticeable, the real excitation of the pole 8 will be less than the ideal excitation. These saturation effects can obviously be represented by
n,rea n,1 ea where vn,ideal represents the vn given by eqn. (20) . If the field level in a tapered~~ is changed systematically, it is reasonable to expect that S(n) can be well represented by Wnile it seems not possible to develop simple formulas that characterize the trajectory in a region where the pole excitation and/or y changes, it is easy to ma~e some general statements about a trajectory in a region where tne trajectory is periodic. By "periodic trajectory" is meant that y is constant, tnat the excitation pattern in that region is periodic, and that one is suffic1ently far av1ay from t11e regions where these conditions are not satisfied, so that tt1e "tails" from these regions have essentially disappeared. We assume that an excitation pattern is used to compensate for all significant terms in the Taylor series expansion of g(z).
The average value of x' of the trajectory must be zero, since a non-zero average of x' would be equivalent to cumulative displacements, which is not poss1Dle if a proper excitation pattern is used.
, ..
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Since the electron "sees" at any point the fields from at least one excitation patterns, a (non-cumulative) displacement of the trajectory from the z axis is possible. To calculate this displacement, we calculate x at a point half way between two adjacent poles, and we normalize z = 0 there.
we get for B(z)
Using that in eqn. 
The sum nas to include as many terms to the right (i.e. z > O) as b(z) contributes to locations z < 0. To the left. one has to include at least as many terms as one has on the right, but one can exclude all complete patterns to the left of that point since complete excitation patterns cannot contribute to x(O).
Since v1e are dealing with a flat part of a W, we can calculate the contrioutions of each pair of poles at locations ± nD 4 together:
Introducing new integration variables gives The concept of using excitation patterns that allow independent control of power supplies without causing steering or displacement even fa~ the case of variable y has been described here for the specific case of an el~ct~o-magnet wi t11 iron poles. The reason for ct10os i ng til at part i cu 1 ar sjs tern to demonstrate the concept in detail is the likelihood that most systems to whicn this method will be applied in the near future will be such w~s. It is also clear that this system of exciting a W or an undulator (U) may be very beneficial when designing an U that should produce a very good synchrotron radiation spectrum when used in an electron storage ring. It looks as if the field quality necessary to produce a high quality spectrum cannot be obtained with present manufacturing techniques, so that correction coils will have to be used. However, it also appears that magnetic field measurements will not be of sufficient accuracy, leaving only a measurement of the synchrotron radiation spectrum itself as the diagnostic tool to determine the correction coil settings. It seems, however, hopeless to try to determine the correction coil settings from the whole spectrum produced by a very long U. If it is possible to look at the spectrum emitted by a small section (of the order of ten periods) of the U, then it will be possible to correct each such section in turn by setting displacement, steering, and phase shift correctors. If one energizes these sections with a binomial pattern of order 3, one can change the field level of any section for this purpose without displacement of the trajectory. Operating different parts of an U at different field levels in this manner could also be used to generate sin1ultaneously photons of different energy in the same U, such as one might, for instance, want to do in multiple ionization studies.
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